A highly purified protein that facilitates the exchange and net mass transfer of cholesteryl ester (CE), and trlacylglycerol (TG), and the transfer of phosphatldylchollne (PC), between plasma llpoprotelns was isolated from the d-1.21-1.25 g/ml plasma fraction. Transfer activities showed similar distributions through ultracentrlfugatlon, phenyl-Sepharose, DEAE-Sepharose, CM-cellulose, and hydroxyapatlte chromatography. The lipid transfer protein appears to be an acidic protein with an apparent molecular weight of 64,000 ± 1600 (n = 4) on sodium dodecyl sulfate polyacrylamlde gel electrophoresls and an apparent molecular weight of 65,000 by gel filtration chrcmatography, and has a pi of 5.0 ± 0.2 (n = 5) by both analytical Isoelectrlcfocusing and chromatofocusing. The purified transfer protein facilitated the net mass transfer of CE from high density lipoproteln (HDL) or low density llpoproteln (LDL) to very low density lipoprotein (VLDL) and the net mass transfer of TG from VLDL to LDL or HDL. Chromatography of lipid transfer protein fractions on a heparln-Sepharose column yielded two separate fractions with PC transfer activity. The first fraction did not bind to heparin column, was relatively resistant to elevated temperature (at 58°C, only 5% activity was lost in 1 hour) and eluted with the CE and TG transfer activities which were also temperature-resistant. The second PC transfer activity bound to the heparin column and was temperature-sensitive (at 58°C, 90% activity was lost In 1 hour). Addition of the temperature-resistant lipid transfer fraction (LTP-1) and purified lecithin cholesterol acyltransferase (LCAT) to whole plasma stimulated the endogenous plasma cholesterol esterlfication rate by approximately 50%, whereas addition of either LTP-1 or LCAT only slightly enhanced the esterification rate. The transfer of CE, TG, and PC was mediated by a temperature-resistant plasma protein or proteins with very similar properties. Plasma also contained a distinct lipid transfer protein which was temperature-sensitive and facilitated the transfer of PC, but not CE or TG. (Arteriosclerosis 4:49-58, January/February 1984) T he recent identification of specific plasma proteins that facilitate the movement (either uni-or
bidirectional) of lipoprotein cholesteryl esters (CE), triacylglycerols (TG), and phosphotidylcholine (PC) between all classes of the plasma lipoproteins is important for understanding the pathophysiology of lipoprotein metabolism. The physiological function of these lipid transfer proteins remains unknown. Recently it has been shown, however, that partially purified preparations of these transfer proteins can promote the net mass transfer of these lipids between isolated lipoproteins. 1 " 5 It has also been suggested that a lipoprotein complex consisting of apoprotein D, lecithin cholesterol acyltransferase (LCAT), and apoprotein A-l serves the unique function of: 1) promoting cellular sterol efflux; 2) esterification of free cholesterol by the LCAT enzyme; and 3) transfer of the newly synthesized cholesteryl ester to bulk HDL and other lipoprotein acceptors. 6 However, the transfer function of apo D has not been confirmed. 89 In this research we isolated from human plasma to apparent homogeneity a temperature-resistant protein that facilitates the exchange of CE, TG, and PC between all classes of lipoproteins. This protein can also promote the net mass transfer of CE and TG under the appropriate conditions. Preliminary investigations also suggest that this protein may play a regulatory role in the plasma LCAT reaction. In addition, we partially purified a temperature-sensitive plasma protein that promotes PC exchange but not exchange or transfer of CE or TG. A preliminary report of these findings has been presented. 7
Methods
Preparation of Labeled Llpoproteln Substrates 14 
C Cholesteryl Ester (CE)-HDL 3
Approximately 10 /xCi of 4 14 C-cholesterol in benzene (New England Nuclear, Boston, Massachusetts, 52.5 mCi/mmol) was dried under N 2 and redissolved in 20 /ul of 95% ethanol. This ethanolic cholesterol solution was slowly injected with stirring beneath the surface of freshly isolated and dialyzed d > 1.125 g/ml plasma. The mixture was then incubated overnight at 37°C to allow for cholesteryl ester formation via the LCAT reaction. '"C-CE-HDL, was then isolated by ultracentrifugation at d = 1.21 g/ml at 40,000 rpm for 40 hours in a 50.3 rotor (Beckman Instruments, Palo Alto, California). The top 2.5 cm portion of each tube was harvested by tube slicing, then dialyzed overnight against 150 mM NaCI/10 mM Tris, pH 7.4 (hereafter referred to as Tris buffer). The final HDLj preparation contained labeled cholesteryl ester which accounted for more than 90% of the total radioactivity as determined by thin-layer chromatography, and had an approximate specific activity of 3200 dpm//i.g cholesteryl ester, assuming a molecular weight of 650 for cholesteryl ester. 3 
H-Triglyceride (TG)-HDL 3
Approximately 50 ^Ci of 9,10-3 H(N)-triolein (New England Nuclear, 100-150Ci/mmol) was injected beneath the surface of freshly isolated HDL, (1.090-1.21 g/ml) as described above. The mixture was then incubated for 3 hours at 37°C to allow for the equilibration of the labeled triolein and was dialyzed overnight against Tris buffer, pH 7.4. The final preparation had an approximate specific activity of 15,400 dpm/p.g TG. Upon reisolation of 3 H-TG-HDLj, more than 95% of the radioactivity was associated with the d = 1.125-1.21 g/ml lipoprotein fraction. 3 
H-Phosphatidylcholine (PC)-HDL 3
One ^Ci of 3 H-PC (L-a-dipalmitoyl) choline-methyl-3 H phosphatidylcholine (New England Nuclear, 27.0 Ci/mmol) in 50 p\ of 95% ethanol was then slowly injected beneath the surface of 20 ml of freshly isolated HDL3 (d = 1.125-1.210 g/ml) with gentle stirring. This mixture was then incubated at 37°C for 3 hours to allow for the equilibration of the labeled PC and then dialyzed overnight against Tris buffer, pH 7.4. The final preparation had an approximate specific activity of 14,600 dpm//ng phospholipid. Upon reisolation of 3 H-PC-HDLj, more than 95% of the radioactivity was associated with the d = 1.125-1.21 g/ml lipoprotein fraction.
Radloassays of Llpld Transfer Activity
All assays were performed at the optimal lipoprotein-donor/lipoprotein-acceptor lipid ratio for each substrate to yield the maximum activity (percentage of label transferred/3 hours). Furthermore, all assays were linear for the duration of the incubation period. For each assay, a control containing no added transfer activity was run simultaneously. In our assays, transfer activity is defined as the percentage of transfer of labeled substrate in 3 hours from donor lipoprotein to acceptor lipoprotein mediated by a specific plasma protein or protein complex. For all calculations any endogenous transfer activity in the control samples (without added transfer factor) was arbitrarily set to zero. Comparing an incubated (3 hours/ 37°C) control to a 0°C control, we observed minimal (<3%) transfer of label for the neutral lipid substrates, and approximately 12% transfer of label for 3 H-PC-HDL 3 to d < 1.060 g/ml lipoproteins. None of the radioassays (except in the unique case of an assay with a lipoprotein acceptor that did not contain the lipid moiety assayed) distinguished net mass transfer of lipid from exchange of labeled substrate for unlabeled substrate.
Cholesteryl Ester Transfer Assay
Fifty ix\ of 14 C-CE-HDLj (approximately 20 /u,g cholesteryl ester) was mixed with 100 /u.l of d < 1.060 g/ ml plasma fraction (approximately 110 /u.g CE) and 50-400 /xl of transfer factor to be assayed (depending upon the specific activity of the fraction) in a final volume of 0.6 ml in 12 x 75 mm culture tubes. The tubes were then capped and incubated for 60 to 240 minutes at 37°C in a shaking water bath. At the conclusion of the assay, the tubes were chilled on ice for 30 minutes. Donor and acceptor lipoproteins were then separated by heparin-MnCI 2 precipitation. 8 Aliquots (750 MO of the supernatant were transferred to plastic counting vials and 5 ml of scintillant (Aquasol II, New England Nuclear) was added. The samples were counted in a Beckman LS7000 Scintillation counter with a counting error of less than 2%. Recovery of radioactivity was essentially 100%. Activity is expressed as the percentage of transfer of labeled CE/3 hours.
Triglyceride Transfer Assay
Fifty n.\ 3 H-TG-HDLj substrate (approximately 5.8 /j.g triglyceride) was diluted (1:2, vol/vol with Tris buffer) and then added to 100 /M\ of d < 1.060 g/ml plasma (approximately 120 /xg triglyceride), and the assay was performed as described under CE transfer assay.
Phosphatidylcholine Transfer Assay
Fifty j*l of 3 H-PC-HDI_3 substrate (approximately 40 fj.g phospholipid) was added to 100 fi\ of d < 1.060 g/ml plasma (approximately 200 /*g phospholipid), and the assay was carried out as described under CE transfer assay.
Purification of Llpld Transfer Proteins (LTP)
All procedures were carried out at 4°C. Approximately 1.4 liters of fresh human plasma was brought to a nonprotein solvent density of 1.25 g/ml with KBr and the d = 1.21-1.25 g/ml plasma fraction was isolated by sequential ultracentrifugation as described. 1011 Approximately 335 ml of the d = 1.21-1.25 g/ml plasma fraction (1 to 2 g of protein) was added directly, without prior dialysis, to a 2.5 x 26 cm phenyl-Sepharose CL-4B column and the transfer activity was eluted with distilled water as described for the isolation of lecithin-cholesterol acyltransferase (LCAT). 1213 The fraction containing transfer activity (approximately 135 mg of protein in 240 ml) was then chromatographed on a 2.6 x 40 cm DEAE-Sepharose CL-6B column and eluted with a linear gradient of NaCI from 25 to 200 mM at a flow rate of 45 ml/hr. 12 ' 13 Fractions with lipid transfer activity were pooled, dialyzed against 10 mM sodium acetate, pH 4.5, and approximately 24 mg of protein were applied to a 0.9 x 10 cm carboxymethyl cellulose (Whatman CM-52) column as described, 14 except that the activity was eluted with a linear NaCI gradient (0 to 120 mM, 200 ml total volume). The active fractions were pooled and approximately 2 mg of protein were applied to a 0.9 x 8 cm hydroxyapatite column and eluted with a gradient of phosphate (4 to 80 mM) as described. 11 13 Alternatively, active fractions from CM-cellulose were applied to a 0.9 x 30 cm column of heparin-Sepharose (Pharmacia Fine Chemicals, Uppsala, Sweden) and eluted with NaCI (500 mM) in Tris buffer as described. 5
Gel Filtration Chromatography of Lipid Transfer Protein(s) on Sephacryl S-200
Approximately 20 ml of a fraction from the DEAE column containing transfer activity was concentrated by vacuum ultrafiltration to approximately 1 ml. The sample was then applied to an ascending 1.5 x 100 cm column at a flow rate of approximately 8 ml/hr, and 1.0 ml fractions were collected. The active fractions were pooled, dialyzed and concentrated as described above then re-chromatographed on the same column with 1.0 mg of human serum albumin mixed with the active material immediately prior to sample application. The column flow rate was 5 ml/ hr, and 0.8 ml fractions were collected.
Chromatofocuslng of Lipid Transfer Proteln(s)
Ten ml of the hydroxyapatite pool was dialyzed against 4M urea/25mM histidine, pH 6.0, and applied to a 0.9 x 10 cm column of PBE 94 polybuffer ex-changer (Pharmacia Fine Chemicals, Uppsala, Sweden) equilibrated with the same buffer. The pH gradient was developed with 300 ml of Pharmacia polybuffer PBE 74 diluted 1:8 to a final concentration of 4M urea, pH 4.0. The column flow rate was 20 ml/ hr, with 5 ml/fraction. The pH of each fraction was taken and aliquots were then dialyzed vs Tris buffer and assayed for lipid transfer activity.
Analytical Isoelectric Focusing of Llpld Transfer Proteln(s)
Analytical IEF gels were run as described. 16 Briefly, aliquots (0.2 ml) from an active DEAE-Sepharose eluate were applied to 16 separate gels and electrofocused overnight. The gels were then cut into 0.5 cm sections, which were subsequently cut longitudinally: one piece was incubated in 0.5 ml of 10 mM KCI for pH determination, the other piece was incubated with 0.5 ml of Tris buffer, pH 7.4, for assay of lipid transfer activity. Corresponding gel slices were pooled according to pH. Transfer activity was eluted from the gel by overnight incubation in Tris buffer, pH 7.4, then assayed as described.
Effect of Ethylmercurlthlosallcylate (Thimerosal) on Activity of Isolated Plasma Lipid Transfer Proteins
Triplicate aliquots of lipid transfer protein (heparin-Sepharose nonbound and bound fractions) were assayed for CE, TG, and PC transfer activity without (control activity) or with 0.25,1.0,10.0, and 25.0 mM Thimerosal.
Preparation of Trlglycerlde-Rich Particles (TRP)
TRP particles were prepared from 10% (wt/vol) Intralipid (Cutter Laboratories, Berkeley, California) as described, 15 and resuspended in Tris buffer to its original volume. All experiments with TRP particles were performed within 24 hours.
Incubation of TRP Particles with Lipid Transfer Protein Preparations
One volume of purified TRP was added to nine volumes of lipid transfer protein preparations or d > 1.21 g/ml plasma fraction and incubated at 37°C with gentle shaking for 30 minutes, then the TRP-LTP complex was separated from the nonbinding protein by a brief (60-minute) ultracentrifugation in an SW-41 rotor (Beckman Instruments, Palo Alto, California) at 20,000 rpm, 4°C. The floating lipid-cake was harvested by tube slicing, resuspended to the starting volume with Tris buffer containing 0.5% (wt/vol) sodium cholate, and LTP was desorbed from the TRP by overnight incubation at 4°C. LTP was separated from TRP by ultracentrifugation as described above, and the infranate was dialyzed against Tris buffer, and assayed as described under CE transfer assay.
Other Methods
Analytical isoelectric focusing was performed as described. 16 The isoelectric point of the transfer activity was also estimated by passage over a 1 x 10 cm chromatofocusing column (Pharmacia Fine Chemicals, Uppsala, Sweden). Sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) electrophoresis was performed according to the method of Weber and Osborn. 17 LCAT activity was measured using an apoprotein A-l containing proteoliposome prepared by the cholate dialysis procedure 18 and LCAT mass determined by a sensitive radioimmunoassay. 12 Protein was determined by the method of Lowry et al 19 with bovine serum albumin as standard. CE and TG mass were determined enzymatically by kits from Boehringer Mannheim, West Germany. Plasma cholesterol esterification rate were determined by a sensitive enzymic method 20 as described. 21 Phospholipid was determined by the method of Bartlett. 22 
Results
The first three steps of the isolation procedure are essentially the same as we reported for the isolation of LCAT' 1 " 13 (Table 1 ). Approximately 45% of each of the three transfer activities, cholesteryl ester, triglyceride, and phospholipid transfer was found in the d = 1.21-1.25 g/ml plasma fraction. All three activities were retained on the phenyl-Sepharose column in the presence of a high concentration of salt and were eluted in good yield (more than 90% for both CE and TG transfer activity and 80% to 90% for PC transfer activity) from the column with distilled water (Figure 1 A) . The fractions containing lipid transfer activity were combined and chromatographed on DEAE-Sepharose CL-6B column. All three transfer activities were coeluted from DEAE-Sepharose column at approximately 40 to 100 mM NaCI (Figure 1  B) . Lipid transfer activity was completely separated from LCAT activity at this step. The fractions containing transfer activity were then chromatographed on CM-cellulose column (Figure 2 A) . All three transfer activities were retained by the column and coeluted from the salt gradient between 20 to 75 mM NaCI. The active fractions were chromatographed on a hydroxyapatite column (Figure 2 B) . The transfer activities were eluted with a phosphate gradient with all three transfer activities coeluting at 20 to 40 mM phosphate. The fractions from the hydroxyapatite column containing all three activities yielded a lipid transfer preparation enriched 15,000 to 20,000-fold in transfer activities relative to the activities in plasma with specific activities from 32% to 48% transfer/3 hr/ / M. g protein. This fraction gave a single band with an electrophoretic mobility similar to apo A-l upon polyacrylamide gel electrophoresis in 8 M urea ( Figure  3 ). Also, this fraction had an apparent molecular weight of 64,000 ± 1,600 (n = 4) upon sodium dodecyl sulfate gel electrophoresis ( Figure 3 ). Occasionally, the hydroxyapatite fraction showed two bands with MW 64,000 and 58,000, respectively (n = 2). Upon gel filtration on Sephacryl S 200 cochromatographed with or without HSA, both CE and TG activity was eluted just after human serum albumin with an estimated MW of 65,000. This fraction contained no apoprotein D as determined by gel diffu- Each value is representative of five different isolations. Total activity is expressed as % transfer/3 hr. The condition for assay of PC transfer is different than the conditions for CE or TG transfer. Therefore, the relative fold purification of PC transfer activity may not be indicative of the relative stoichrometry of CE and TG transfer. Furthermore, there are at least two distinct components of PC transfer.
Recoveries are presented for each isolation step. Overall recoveries of temperature-stable lipid transfer activities from plasma through the hydroxylapatite step are CE = 4.0%; TG = 4.5%; PC = 3.8%.
"Plasma lipid transfer activities are determined on d > 1.21 g/ml plasma fraction. tSubstituted in place of the hydroxyapatite step for separation of temperature-resistant lipid transfer protein (LTP-1) from temperaturesensitive PC transfer protein (LTP-2).
*Nonbinding fraction. §Bound fraction. . Approximately 6 ml/fractions were collected into 0.75 ml of 1000 mM Tris, pH 7.4, to immediately neutralize the fractions as they were eluted off the column. B. Chromatography of carboxymethyl-cellulose eluate on hydroxyapatite. The pooled active material from carboxymethyl-cellulose column, approximately 2 mg protein, was dialyzed against 150 mM NaCI/4 mM sodium phosphate, pH 6.9, then applied to a 0.5 x 6 cm hydroxyapatite column. The column was run at a flow rate of a 15 ml/hr with a 200 ml linear sodium phosphate gradient (100 ml of 150 M NaCI/4 mM sodium phosphate pH 6.9,and 100 ml of 150 mM NaCI/80 mM sodium phosphate, pH 6.9). Approximately 4.5 ml fractions were collected. sion studies or by a sensitive electroimmunoassay for apo D. It also did not contain detectable amounts of apoprotein A-l or A-ll, E or HSA by Ouchterlony gel diffusion studies. Furthermore, it did not contain LCAT as determined by radioimmunoassay. 12 Upon analytical isoelectric focusing, this protein fraction gave a single peak of CE transfer activity with an isoelectric point of 5.0. The transfer protein fraction was also subjected to chromatofocusing. CE and TG lipid transfer activities were assayed, and the peak of each of the activities was found in a region where the isoelectric point was 5.0 ± 0.2 (n = 4). In a separate experiment the phospholipid transfer activity was found in the same pH region as was the CE transfer activity.
We have also observed that lipid transfer activity has an affinity for triglyceride-rich particles (TRP, Intralipid), as reported by Pattnaik et al., 14 and that all detectable lipid transfer activity found in the d > 1.21 g/ml plasma fraction or lipid transfer preparations bound to the TRP particles. We have achieved significant (10-to 50-fold) purification of lipid transfer Sample was heated at 100°C for 2 minutes before electrophoresis. SDS gels were agitated overnight in 0.035% Coomassie R250/25% isopropyl alcohol/1 0% acetic acid, then destained in 25% isopropyl alcohol/1 0% acetic acid. Urea gels were stained with Coomassie G250 in 5% perchloric acid, then destained in 7% acetic acid. protein by exploiting this property. Transfer activity is subsequently released from the TRP LTP complex by incubation with 0.5%; (wt/vol) sodium cholate (with 50% to 70% recovery of activity). SDS-gel electrophoresis of the proteins which bind to TRP suggests that apo A-l and albumin are the major contaminants.
In a further attempt to separate the three transfer activities, we passed an aliquot of the lipid transfer fraction from the CM-cellulose column through a heparin-Sepharose column (Figure 4 , Table 1 ). Essentially all the CE and TG transfer activity and approximately one-half of the PC transfer activity did not bind to the heparin column. However, approximately one-half of the PC transfer activity and negligible amounts (<5%) of the CE and TG transfer activity was bound to the heparin column and was eluted out with 0.5 M NaCI. Similar distributions of PC transfer activity were observed with active fractions obtained from either phenyl-Sepharose or DEAE-Sepharose.
The nonbinding fraction containing all three transfer activities was temperature-stable (at 58°C only 5% of the activity was lost in 1 hour), whereas the bound fraction was temperature-sensitive (at 58°C 90% of the activity was lost in 1 hour) ( Figure 5) .
To evaluate the effect of chemical inhibition on the lipid transfer proteins, we assayed lipid transfer activity over a 100-fold concentration range of ethylmercurithiosalicylate. At 25 mM ethylmercurithiosalicylate (Thimerosal), PC transfer activity of the nonbound heat stable fraction was significantly enhanced (175% of the control activity in absence of Thimerosal), on the other hand, the PC transfer activity of the bound temperature labile fraction was reduced by approximately 50%. At 0.25 mM Thimerosal TG transfer activity was reduced by 75% although CE and PC transfer activity were either slightly enhanced or unaffected. At higher concentrations of Thimerosal (5 to 25 mM) CE transfer activity was significantly enhanced while TG transfer activity was reduced.
The temperature-stable transfer protein (LTP-1) was tested to determine if it facilitated the net mass transfer of CE and TG among lipoproteins ( Table 2) . LTP-1 facilitated the mass transfer of CE from HDL to VLDL and TG from VLDL to HDL (Experiments 1 -3, Table 2 ). We did not observe a significant change in unesterified cholesterol in any of the net mass transfer experiments. We also demonstrated that LTP-1 can promote the net mass transfer of TG and CE between VLDL and LDL (toward enrichment of VLDL with CE and LDL with TG), resulting in as much as a 10-fold increase in the LDL TG/CE molar ratio ( Figure 6 ). Enrichment of LDL with TG increased as a function of incubation time with LTP-1. Furthermore, we demonstrated that LTP-1 transfers labeled CE from HDL to particles lacking CE, i.e., Intralipid or CE depleted VLDL (Experiments 4 and 5, Table 2 ).
Addition of temperature-stable LTP-1 obtained from the nonbinding fraction of the heparin-Sepharose column (LTP-1) (see Figure 4 and Table 1 ) or purified LCAT to plasma slightly enhanced the plasma cholesterol esterification rate (Figure 7) . However, addition of both LTP-1 and LCAT to plasma stimulated the plasma cholesterol esterification rate by 50%. When plasma LCAT activity was measured by the proteoliposome common substrate method, 18 addition of LTP-1 had no effect on plasma LCAT activity, whereas addition of purified LCAT approximately doubled the plasma LCAT activity (not shown).
Rat plasma contains little, if any, CE or TG transfer activity. 26 " 28 However, we have demonstrated that addition of d > 1.21 g/ml rat plasma fraction significantly facilitated transfer of 3 H-PC-HDL to d < 1.060 g/ml lipoproteins (22% transfer of PC/0.2 ml/2 hrs). This transfer activity was temperature-labile (at 58°C no activity was left in one hour), analogous to the temperature-labile transfer protein (LTP-2) in human plasma. Recovery of 14 C-cholesteryl ester-HDL 3 radioactivity/20 ^.l in reisolated r-VLDL triglyceride. Experiment 1. VLDL cholesterol (150 /xg) was incubated with 50 /ig of HDL cholesterol, either with or without 5 ng of purified transfer protein (hydroxyapatite pool) in a final volume of 2.0 ml. Dithiobis-2-nitro benzoic acid (DTNB), 1.4 mM final concentration, was added to inhibit LCAT activity. After incubation for 6 hours at 37°C, VLDL was separated from HDL by ultracentrifugation for 18 hours at 40,000 rpm and VLDL cholesteryl ester was assayed. VLDL protein recoveries were 96% + 5%. Experiment 2. Samples of freshly isolated whole plasma (1 ml) were incubated at 37°C for 22 hours after which DTNB (1.4 mM, final concentration), VLDL (150 /ig cholesterol) from fresh plasma and Tris buffer with or without purified transfer protein (5 ^g from hydroxyapatite pool) were added and the mixtures were Incubated 2 hours, after which the samples were chilled on ice and the apo B containing lipoproteins were precipitated. 8 -a The supernatant fluid (HDL) was then assayed for total and unesterified cholesterol. Experiment 3. VLDL and HDL isolated from fresh plasma (8:1 molar TG ratio) were incubated for 18 hours at 37°C either with or without approximately 1.5 mg lipid transfer protein from the nonbound fraction of heparin-Sepharose column (see Table 1 ). The lipoproteins were reisolated by ultracentrifugation as described above and assayed for triglyceride content. HDL protein recoveries averaged 95% ± 4%. Experiment 4. Triglyceride-rich particles (TRP) were prepared from 10% (wt/vol) Intralipid. 15 Approximately 187.5 ng of 14 C-CE-HDL was incubated with 1 ml of freshly prepared TRP with or without 750 mg partially purified lipid transfer protein (DEAE pool) in a final volume of 3.0 ml for 3 hours at 37°C. TRP particles were then reisolated and assayed for transfer of 14 C-CE as described in Methods. Recoveries of radioactivity ranged from 97% to 102%. Experiment 5. Reconstituted VLDL-triglyceride, r-VLDL-TG, was prepared, 24 and subsequently assayed for CE (< 1 mg/dl) to confirm the absence of this neutral lipid in VLDL. Approximately 75 ng of 14 C-CE-HDL (approximately 100,000 dpm) was incubated with 1.0 ml r-VLDL-TG (0.2 mg/ml protein), with or without 500 ^g of partially purified lipid transfer protein (DEAE pool) for 20 hours at 37°C, after which the r-VLDL-TG was precipitated by heparin-Mn + + , and the precipitate was washed, solubolized, and counted. 23 All statistical analyses were performed using Student's / test. 25 Figure 5 . Thermal stability of lipid transfer proteins separated by heparin-Sepharose chromatography. A. Effect of heating the lipid transfer protein preparations at 58°C for various periods of time. Aliquots (1.5 ml) of pooled active fractions of both nonbound and bound fractions from heparin-Sepharose column were preincubated at 58°C up to 120 minutes before assay. Triplicate aliquots (0.2 ml) were assayed as described in Methods. • • = CE transfer activity; o o = TG transfer activity; A A = PC transfer activity, nonbound fraction; A A = PC transfer activity, bound fraction. Control activity represents activity on fractions that were not heated. B. Effect of heating the lipid transfer protein preparations at various temperatures. One ml aliquots of each pool described above were preincubated for 60 minutes at the indicated temperatures prior to assay. Triplicate aliquots (0.2 ml) were assayed as described in Methods. A A = PC transfer activity, nonbound fraction; A A = PC transfer activity of bound fraction. Control activity is as described above.
Discussion
It now appears that there are a number of plasma lipid transfer proteins that can be distinguished by their substrate specificity, binding affinity for heparin, thermal stability profile and dose-response curve to ethylmercurithiosalicylate (Thimerosal). Three lipid Densities were adjusted to d = 1.019 g/ml with solid KBr and the lipoproteins were centrifuged in a 50.3 rotor for 20 hours at 40,000 rpm. After tube slicing the d > 1.019 fractions were adjusted to d = 1.063 g/ml with solid KBr and the LDL fraction was isolated. After dialysis the d < 1.019 and d = 1.019-1.063 lipoproteins were assayed for triglyceride, cholesteryl ester, phospholipid, and protein as described in methods. Results are means of duplicate incubations. Recoveries ranged from 90% to 95% (as indexed by Lowry's protein method). A. Time course reciprocal facilitated net mass transfer of LDL-CE for VLDL-TG. B. Concomitant modification of LDL core neutral lipid molar ratio.
transfer activities (CE, TG, and PC) have similar distributions through five purification steps (ultracentrifugation, hydrophobic affinity chromatography, anionic and cationic ion-exchange chromatography, and hydroxyapatite adsorption chromatography). Taken together, these results imply that either: 1) two or more lipid transfer proteins exist as a macromolecular complex in plasma and are isolated as such; or 2) the transfer proteins are not in a complexed form but have remarkably similar physicochemical properties. It is also possible that a single protein is responsible for multiple transfer activities. Our results support the latter conclusions because the minimum molecular weight by gel filtration chromatography (approximately 65,000) is very similar to that obtained by SDS-gel electrophoresis (approximately 64,000 ± 1600, n = 4). If two or more lipid transfer proteins were in a complex, the apparent molecular weight of the complex would be expected to be considerably larger than 65,000. Our findings confirm the results of Morton and Zilversmit. 29 These findings, however, do not rule out the possibility that at least a portion of the lipid transfer proteins are bound to lipoprotein particles.
It must be pointed out that within the resolving power of our isolation procedure we consider the three transfer activities that pass through the heparin-Sepharose column to be mediated by the same protein, even though the TG transfer activity can be significantly inhibited by Thimerosal 29 without inhibiting CE or temperature stable PC transfer activity. This may indicate that there are multiple lipid binding sites on the same transfer protein, and that binding of the mercurial compound may alter the conformation of a hydrophobic TG binding site thereby decreasing the affinity of transfer protein for TG. It should be noted that Ihm et al 28 and Morton and Zilversmit 29 reported two molecular weight forms of the lipid transfer protein with apparent molecular weights of 63,000 and 58,000, or 66,400 and 58,300, respectively. Occasionally (two of six isolations) we observed a minor component with an apparent MW of 58,000 in our purified LTP-1 preparations. The functional relationship of the smaller and larger molecular weight proteins and their individual roles in lipid transport remain to be clarified.
It is becoming evident that the lipid transfer proteins may play a fundamental role in the metabolism of lipoprotein lipids, by altering the chemical composition of the plasma lipoproteins (Table 2, Figure 6 ) and by influencing the rate at which whole plasma free cholesterol is metabolized (Figure 7 ). An efficient mechanism for turnover of cellular cholesterol can be proposed whereby the biological functions of the primary particles responsible for cholesterol efflux from peripheral tissues, (e.g., apo A-l containing high density lipoprotein particles), 63031 LCAT, and the lipid transfer proteins are closely integrated. Together, they establish a nonequilibrium gradient by which free cholesterol exits peripheral tissues via an apo A-l particle cell membrane interaction; cholesterol is then esterified and transferred to acceptor lipoprotein particles.
Preliminary data from the incubations of whole plasma suggest that there is net mass transfer of phospholipid to high density lipoproteins. Incubation of whole plasma for 24 hours at 37°C with or without an LCAT inhibitor (2.5 mM DTNB) results in an increase in HDL phospholipid (approximately 40 nmol/ml of plasma). Two possible functional roles for facilitated phopholipid transfer are: 1) during the lipolysis of triglyceride-rich lipoproteins by lipoprotein lipase, an excess "surface coat" of free cholesterol and phospholipid is formed which transfers to HDL particles; and 2) phospholipid transfer to HDL could provide phospholipid substrate for the LCAT reaction. Indeed, we have already demonstrated that the addition of exogenous LTP-1 to whole plasma enhances the plasma cholesterol esterification rate ( Figure 7) and thus may play a regulatory role in the metabolism of plasma-free cholesterol. The potential role of LTP-2 in cholesterol metabolism has yet to be tested. While this manuscript was in preparation, Tall et al. 32 reported the isolation of two distinct lipid transfer fractions from d > 1.21 g/ml plasma; one facilitated the exchange of labeled CE/PC between LDL and HDL, the other stimulated the net mass transfer of PC from egg-PC vesicles to HDL3. The first fraction had an apparent molecular weight of 63,000, and therefore appears to be analogous to the LTP-1 described in this report. Our preliminary data suggets that LTP-1, under the appropriate conditions, promotes the net mass transfer of PC from VLDL to LDL or HDL.
Several investigators 2822 have observed that rat plasma facilitates the transfer of PC but it does not facilitate CE or TG transfer. 26 " 28 Rat plasma, thus, does not appear to contain a protein homologous to LTP-1 but does contain a temperature-sensitive phospholipid transfer protein similar to LTP-2. LTP-1 and LTP-2 have important, but different, roles in lipoprotein metabolism; that difference among animal species in lipid transfer may relate to different proportions of these transfer proteins in plasma.
